Abstract. In order to assess and to compare the abundances of prokaryotes in coral sands from three different areas in the Indo-Pacific, a technique was developed and evaluated for enumeration of prokaryotes living on and within calcareous grains. Propidium iodide labelling of prokaryotes and consecutive confocal laser scanning microscopy showed microbial colonisation within pores and small fissures of the coral sands. This embedded microbial colonisation required at least four extractions with weak acetic acid to dissolve the grain surface layer in order to detach 97% of the prokaryotic cells. Microbial enumeration based on this technique revealed that the abundance of prokaryotes in the carbonate sands were not significantly different among the three sites, but were about one order of magnitude higher than reported for silicate sands of a similar grain size spectrum. A possible reason for this high abundance of prokaryotes is the complex surface structure of the biogenic calcareous grains, their correspondingly highly porous matrix and the associated ability of prokaryotes to penetrate into carbonate grains. Our results highlight the role of calcareous reef sands as a substratum with a large specific surface area for prokaryotic colonisation and emphasise the contribution of calcium carbonate reef sands for element cycles in subtropical and tropical ecosystems.
Introduction
Calcareous sands are the dominant sediments in coral reef environments. These sands are characterised by a high permeability and high porosity, because of their relatively large grain size and the physico-chemical properties of carbonates (e.g. Schroeder and Purser 1986; Rasheed et al. 2003) . Calcareous reef sands are mostly of biological origin in contrast to silicate sands, which mainly derive from terrestrial sources.
Because of the skeletal origin, coral sand grains have small channels and crevices, which is reflected by a high specific surface area measured in calcium carbonate sands (Walter and Morse 1984; Rasheed et al. 2003 Rasheed et al. , 2004 Wild et al. 2004a) . This large specific surface area of carbonate sands provides space for growth of prokaryotic (bacteria and archaea) cells. The ensuing higher prokaryotic abundance can increase organic matter mineralisation, because the rate of biodegradation depends on the presence of a solid phase material (Poeton et al. 1999) . High benthic mineralisation rates also indicate that calcareous sands may function as effective large-surface biocatalysators (Wild et al. 2004a (Wild et al. , 2004b (Wild et al. , 2004c (Wild et al. , 2005a . Because prokaryotes may grow deep in the pores within the calcium carbonate matrix, cell enumerations that use extraction with water may not allow removal and subsequent correct determination of prokaryotic abundance in calcareous sands. Detachment and enumeration of microorganisms in sediments usually involves several steps of homogenisation, ultrasonication and centrifugation (e.g. Ellery and Schleyer 1984; Starink et al. 1994; Epstein and Rossel 1995; Kuwae and Hosokawa 1999; Buesing and Gessner 2002) . However, a physical detachment of prokaryotic cells (e.g. by using ultrasonic treatment) does not always permit a dislodgement of cells enclosed within the substratum.
In order to remove prokaryotic cells embedded in the porous surface of calcium carbonate grains, extraction steps with phosphoric, hydrochloric or acetic acid treatments were introduced (e.g. Moriarty 1982; Sandstrom et al. 1986; Hansen et al. 1987) , but the efficiency of such treatment has not been tested so far, which impedes quantitative comparisons of cell counts.
In the present study we investigated the microspatial distribution of prokaryotes on calcareous grains and how these microbial cells can efficiently be removed from marine calcium carbonate sands in order to compare cell abundances in coral sands originating from the subtropical Red Sea, the Central Pacific and the South Pacific, to those from silicate sands common in temperate climates. The efficiency of the acid extraction method used to remove the prokaryotes from the grains was tested, and a protocol is proposed that permits reproducible enumeration of prokaryotes in calcareous reef sands. The existence of prokaryotic cells in the matrix of calcium carbonate sands may have important ecological implications for the role of calcareous reef sands as biological filter systems.
Materials and methods

Study sites
Sediment sampling took place at coral reefs close to Heron Island (Australia, South Pacific), Oahu (USA, Central Pacific) and Dahab (Egypt, Red Sea). Detailed data on the composition of the collected calcareous reef sands are available for Heron Island (Wild et al. 2004b ) and the Northern Red Sea (Rasheed et al. 2003; Wild et al. 2005b) showing porosities of 45% and 44%, respectively, as well as total organic carbon (TOC) contents of 0.18% to 0.24% for sands from Heron Island and 0.36% for the sands from the Northern Red Sea. Samples were taken from the sediment surface (<3 cm sediment depth) of shallow water (<2 m water depth) reef sites using a spatula to collect the samples into 2 mL Eppendorf vials. Within 60 min after collection the sediment samples were either frozen (−20 • C; Oahu samples) or fixed in formaldehyde solution (3% final concentration; Heron Island and Dahab samples) for not longer than 12 months until prokaryotic abundance was quantified.
Microspatial distribution of microbial cells
A cellular DNA labelling experiment was performed to investigate colonisation patterns and spatial distribution of microbial cells on the calcareous grain surface using propidium iodide (PI) and confocal laser scanning microscopy (CLSM). Pilot experiments had shown that only the smallest grain size is suitable for CLSM owing to the opacity of larger carbonate grains.
Autoclaved fresh water was filtered through a Whatman 0.2 µm syringe filter (VWR International, Darmstadt, Germany) to provide a sterile rinsing medium. Preserved samples (70% ethanol per analysis samples, n = 10, with 50-100 sand grains each) were rinsed with sterile media twice before adding the PI. An aliquot (100 µL) of the PI stock solution (1.0 mg mL −1 deionised water; Molecular Probes, Eugene, OR) was added to the sample containing 400 µL sterile media. The experimental tubes were immediately placed on a temperature-controlled heat block at 37 • C for 30 min in the dark. Subsequently, the calcium carbonate grains were rinsed three times to remove excess stain and mounted on glass slides with Vectashield (Vector Laboratories, Orton Southgate, UK) to prevent photo-bleaching.
Samples were examined using a Leica TCS SP2 (Leica Microsystems, Heidelberg, Germany) CLSM equipped with an inverted microscope Leica DM IRE 2. A Krypton-Argon laser providing excitation at 488 nm was used for imaging both the PI labelled DNA (emission = 617 nm) of microorganisms and the autofluorescence of the calcium carbonate grains. Sample slides were viewed using an oil immersion objective (Leica 63 × 1.32). Optical sections (n = 30-500) were collected sequentially at 0.2 µm intervals and the gathered image series were processed using Leica Confocal Software.
Scanning electron microscopy analysis was performed to assess the complexity of the surface structure of the calcium carbonate grains. Samples (n = 5 with 200 sand grains each) were prepared according to the method of Laforsch and Tollrian (2000) , with the only exception of using graded ethanol solutions for dehydration. Afterwards, the samples were mounted on aluminium stubs (Plano, Wetzlar, Germany) with double sticky tabs (Plano, Wetzlar, Germany) and sputter coated with gold (BIO-RAD SC 510, Bio-Rad Laboratories, Munich, Germany) for 135 s. All samples were examined with a LEO 1430 VO (LEO Elektronenmikroskopie Oberkochen) scanning electron microscope at 20 kV.
Enumeration of prokaryotes in calcareous reef sands
For enumeration of prokaryotes in calcareous reef sands, an Acridine Orange Direct Count (AODC) method (Hobbie et al. 1977) was used with the following modifications: The fixation solution of each sample (1 cm 3 preserved with formaldehyde at 3% final concentration) was replaced by 2 mL of formaldehyde (2%) in acetic acid (2%). In the control treatments, acetic acid was replaced by sterile sea water (0.2 µm filtered). All samples were then left for 60 min before they were mixed and subsequently subjected to pulsed ultrasonic treatment (150 s incubation time, 30% of this time pulsed, Bandelin M72 probe, 3 mm diameter, 20 kHz, 70 W, vials on ice) following an optimised protocol for sandy sediments introduced by Rusch et al. (2006) . The sand grains were allowed to settle for 20 s and the supernatant was removed. The remaining sediment was washed 6 times with the acetic acid solution (in the controls with 0.2 µm filtered sterile sea water), and all supernatants were combined. In total, 3 ultrasonic treatments followed by 6 washings each were carried out for each extraction step. Prokaryotes were enumerated in subsamples from the combined supernatants. Aggregates were disintegrated by weak ultrasonic treatment (duration 10-30 s) when necessary. The whole procedure described above (addition and reaction with acetic acid or sterile sea water, 3 ultrasonic treatments each followed by six washing steps) was repeated up to 9 times for the same sample in order to gradually remove microbial cells attached to the calcareous matrix. Samples were taken in replicates of 3 to 4. Prokaryote enumeration in the combined supernatants of each of these replicate samples was conducted on 3 filters (Millipore polycarbonate membrane filters, 0.2 µm) by counting 12 grids (each with an area of 96 × 96 µm) on each filter with at least 800 microbial cells in total using an epifluorescence microscope (Zeiss Axioskop) at 1300× magnification. We then used the average and standard deviation of the resulting 36 counts.
Effect of grain size
In order to test the effect of grain size on enumeration of prokaryotes in calcium carbonate sands, the method described above was also applied to 3 sediment fractions of different grain size from Heron Island obtained from wet sieving of lagoon sediments using local sea water. Grain size, porosity and permeability measurements after Klute and Dirksen (1986) for these sediment fractions are summarised in Table 1 . The fine sand fraction was collected at a lagoon location, whereas coarse and medium sand fractions were obtained by separating sediment from a shallow water location (Shark Bay) with a 500 µm sieve. 
Results
Microspatial distribution of microbial cells in the calcareous matrix
Scanning electron microscopic pictures of carbonate grains collected from Heron Island show the high porosity and complexity of the biogenic grain matrix (Fig. 1) . The CLSM images identified prokaryotes, stained with PI, on the carbonate matrix, but also in micropores, crevices and fissures of the sand grains (Fig. 2) revealing the embedding of cells in the calcareous grain matrix.
Enumeration of prokaryotes in calcareous reef sands
Total abundance of prokaryotes was highest in the Red Sea sediments and lowest at Heron Island (Table 2) , but without significant differences between reef sites (two-sided U-test after Wilcoxon, Mann and Whitney, P > 0.05). Enumeration of prokaryotes in natural calcium carbonate sands from Dahab and Oahu showed the same trends as the sediments from Heron Island. The initial abundance of prokaryotes represented only between 53% (Dahab) and 62% (Oahu) of the accumulative abundance after four treatments. This is in the same range as that recorded in sediments from Heron Island, where the number of prokaryotes counted after first extraction amounted to only 50% of the prokaryotes found after four experimental treatments ( Table 2) .
Effect of acid treatment
Acid treatment, thus, enhanced extraction efficiency of prokaryotes in the calcareous reef sands (Fig. 3) . Pretreatment and washing with 2% acetic acid resulted in significantly higher abundances of prokaryotes (P < 0.05, one-tailed t-test) in all four subsequent experimental runs compared with enumerations following sterile seawater extractions. Enumeration of prokaryotes in sediment samples from Heron Island showed that the total abundance of prokaryotes increased by a factor of 2.03 after 9 subsequent treatments compared with the first count (Fig. 4) . From this series of treatments, we also derived a similar factor of 1.98 after the fourth treatment compared with the first one ( Table 2) . Overall, after 3 extractions, ∼86% of all enumerated prokaryotes could be detected, whereby this part increased to 97% after 4 extraction cycles.
Impact of grain size
Total abundance of prokaryotes after 4 extraction cycles was highest in the medium (3.1 ± 0.7 × 10 9 cm −3 ) and fine sand fractions (2.4 ± 0.6 × 10 9 cm −3 ) without significant differences. Abundance of prokaryotes was lower by a factor of 2.6 to 3.3 in the coarse sand fraction (Fig. 5 ). Repeated treatment with acetic acid again resulted in a clearly increased enumeration of prokaryotes after the fourth extraction cycle compared with the enumeration after the first treatment. Comparative enumeration of prokaryotes as a function of grain size showed increases after acetic acid treatments by factors of 2.6 (coarse sand), 1.7 (medium sand) and 1.5 (fine sand), confirming that microbial cells are embedded in the carbonate matrix of all grain size fractions of the investigated reef sands. 
Discussion
Prokaryotes can excrete organic acids to dissolve carbonates or drill channels in the carbonate matrix (Reid et al. 2000) . A fraction of these microbial cells may live within the porous calcium carbonate matrix. For example, Kawaguchi and Decho (2002) describe endolithic cyanobacteria cells within carbonate grains of marine stromatolites. The results of the present study show that at least four consecutive treatments with weak acetic acid are necessary to detach most of the prokaryotes from calcareous reef sands. Total abundance of prokaryotes was increased about 2-fold when acid instead of water was used (Fig. 3) . The acid dissolves the surface layers of the sand grains causing the mobilisation of prokaryotes growing in the pores and small fissures of the grains as seen on the microscopic images (Figs 1 and 2 ). Our enumeration of prokaryotes in calcium carbonate sands are in the same order of magnitude as those reported from fine-grained coastal silicate deposits (Bottcher et al. 2000; Llobet-Brossa et al. 2002; Wilde and Plante 2002) , and one order of magnitude higher than those reported for silicate sands of a similar grain size, where the same protocol was applied (Rusch et al. 2006) . This suggests that the colonised surface area of calcium carbonate grains is similar to that of silty sediments of a much lower grain size, which may be caused by the relatively high specific surface area of calcareous sands. Rasheed et al. (2003) , who measured the specific surface area of different reef sands with an average grain size of 375 µm from the Northern Red Sea, also found higher values for calcium carbonate reef sands (0.41 m 2 g −1 ) compared with silicate reef sands (0.27 m 2 g −1 ). Other reasons for these differences may be the growth of prokaryotes within the grain matrix and the higher organic content of the biogenic carbonate grains.
Biogenic calcium carbonates occur in a variety of forms: coral skeletal material is distinctly different from mollusc, echinoderm, foraminifer or encrusting alga carbonates, leading to distinctly different geochemical and physico-chemical properties (e.g. Morse and Mackenzie 1990) . Prokaryotes themselves are prominent in catalysing the precipitation of carbonate materials (Folk 1993 (Folk , 1999 . That prokaryotes can live on and within the matrix of surface-enlarged calcium carbonate reef sands, which is supported by the present study, and the finding that these sediments are more permeable and reactive than silicate sediments of the same grain size (Rasheed et al. 2003; Wild et al. 2005b) , allows a fast bacterial degradation of organic matter transported to the consumers via an intense advective water exchange. This confirms the special role of calcium carbonate reef sands as biocatalytical filter systems and its importance for the cycles of elements in tropical and subtropical ecosystems.
